Purpose: Metadherin (MTDH), as an oncogene, is associated with metastasis and poor prognosis. This study investigated MTDH expressions and development of gastric cancer (GC) cell phenotypes and the contribution of MTDH to epithelial-mesenchymal transition (EMT). Patients and methods: MTDH expression was assayed in human GC cell lines and tumor tissue from 92 GC patients. Functional experiments were performed to characterize MTDH activity. Expressions of EMT-related proteins (vimentin and E-cadherin), phosphorylated β-catenin and β-catenin were assayed by immunohistochemistry, Western blotting, immunofluorescence, and co-immunoprecipitation, respectively.
Introduction
An estimated 679,100 new cases of gastric cancer (GC) were diagnosed in China in 2015, making it the second leading cause of cancer-related death. 1 Despite recent advances in early diagnosis and treatment effectiveness, only 30% of GC patients survive for 5 years. 2 Recurrence, metastasis, and drug resistance are main obstacles to improve the response of treatment. The better understanding mechanisms that contribute to tumorigenesis are urgently needed.
Metadherin (MTDH, also known as AEG-1 and LYRIC), was first cloned in primary human fetal astrocytes infected with human immunodeficiency virus (HIV)-1 or exposed to HIV-1 envelope glycoprotein (gp)-120 in 2002. 3, 4 As an oncogene, MTDH is involved in development and progression of many cancers, including proliferation, invasion, metastasis and chemoresistance. [5] [6] [7] [8] [9] MTDH can also induce epithelial-mesenchymal transition (EMT), which supports the malignant behaviors of late-stage cancers, 6, 7, 10 but the roles of MTDH in promoting EMT, metastasis, and tumor heterogeneity have not been fully described.
MTDH was found to influence several signaling pathways, including Wnt/β-catenin, NF-κB, PI3K/Akt and Ha-ras. [11] [12] [13] [14] Moreover, Wnt/β-catenin pathway is known to promote EMT 15 and contribute to the maintenance of cancer stem cell (CSC) populations within tumor tissues that retain the capacity of self-renewal and differentiation. 16, 17 CSCs are active in chemoresistance, immune evasion, and development of cancer cell phenotypes with increasing invasiveness. 18 CD44, CD133, Oct-4, and ALDH expressions may serve to distinguish GC CSCs. 19, 20 Giving the unknown roles of MTDH in GC progression, the study aims to clarify the effects of MTDH in acquisition of malignant phenotypes in GC based on the tissues from GC patients and human GC cell lines, especially the relationships between MTDH-and EMT-associated genes or CSC biomarkers that were not reported before.
Materials And Methods Patients And Tissue Specimens
Paraffin-embedded tissues of primary GC tumors and normal gastric mucosa were obtained from each of 92 patients (70 males and 22 females) with surgical resection for GC from January 2005 to March 2006. The GC diagnosis was confirmed by two pathologists. None of patients had received preoperative chemotherapy or radiotherapy. Patient clinicopathological characteristics were retrieved from clinical records and pathology reports. mRNA expressions were assayed in cancer and normal gastric mucosa from 12 patients with surgical resection in 2017.
Antibodies And Reagents
The primary antibodies were MTDH (ab45338), CD133, and LEF1 (Abcam, Cambridge, MA, USA), CD44, Oct4, CDH1/E-cadherin, and vimentin (Origene, Rockville, MD, USA), phosphorylated β-catenin and CTNNB1/β-catenin (Cell Signaling Technology; Danvers, MA 8480, USA). β-actin was obtained from ZSGB-bio (Beijing, China). IRDye 800-conjugated affinity purified anti-mouse IgG and IRDye 700DX-conjugated affinity purified anti-rabbit IgG secondary antibodies were purchased from Rockland Immunochemicals (Limerick, PA, USA) and CF666 antirabbit IgG secondary antibody was purchased from Biotium (Hayward, CA, USA).
Cell Culture
MKN45, MKN28, SGC7901, MGC803, and AGS human gastric cancer cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). MKN45, MKN28, SGC7901, and MGC803 cells were cultured in RPMI-1640 medium and AGS cells were cultured in F12 medium (both Gibco, Grand Island, NY, USA) at 37°C in 5% CO 2 with humidity. Culture media were supplemented with 10% fetal bovine serum (FBS; PAA Laboratories, Pasching, Austria).
Plasmid And siRNA Transfection
Plasmids expressing MTDH (EX-RC207238) and siRNAs (SR314617) were obtained from Origene (Rockville, MD, USA). Lenti-Pac HIV Expression Packaging Kits and control plasmids were purchased from Genecopoeia (Rockville, MD, USA). Transfections of cells overexpressing MTDH was performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The primer sequences were listed in Supplementary Table 1 . HilyMax reagent (Dojindo, Japan) was used for transient transfection as indicated instructions.
Immunohistochemical Staining And Evaluation
Paraffin-embedded tissues were sectioned, dewaxed, hydrated, heated in EDTA (pH 7.2) for antigen retrieval, and inhibited with 3% hydrogen peroxide. The sections were incubated with primary antibodies overnight at 4°C and the antigen-antibody reactions was developed with a horseradish peroxidase-diaminobenzidine (HRP-DAB) substrate kit (ZSGB-bio, Beijing, China). Slides were counterstained with Mayer's hematoxylin. The immunostaining index was reported as the proportion of positively stained tumor cells and staining intensity and was scored by two independent observers as previously described. 19 The results were scored semi-quantitatively by intensity and the proportion of positive tumor cells. The proportion of positively stained tumor cells was graded as 0 (no positively stained cells), 1 (<25%), 2 (25%-49%), 3 (50%-75%), and 4 (>75% positive cells). Staining intensity was scored as 0 (no staining), 1 (light yellow), 2 (yellow-brown), and 3 (brown-yellow). The immunostaining index was the staining intensity score multiplied by the percentage of positively stained tumor cells. Tumor with indexes of 0-2 were negative and those with indexes of 3-12 were positive.
Quantitative Real-Time PCR (qPCR)
Total RNA was extracted from harvested cultured cells or tissue samples with Trizol (Invitrogen). cDNA was synthesized with Transcriptor First Strand cDNA Synthesis Kits (Roche, Mannheim, Germany). Semi-quantitative and qPCR were performed with cDNA as the template using a LightCycler 480 SYBR Green I system (Roche).
Western Blot
Cells were lysed in RIPA buffer to extract total protein. Protein samples were separated by SDS-PAGE gel electrophoresis and transferred to PVDF membranes. After blocking with 5% blocking buffer, the membranes were incubated with primary antibodies at 4ºC overnight. HRP-conjugated anti-mouse and anti-rabbit antibodies were the secondary antibodies. The membranes were scanned using an Odyssey (Li-COR, Lincoln, NE, USA) or Fluorchem R (Santa Clara, CA, USA) imaging system.
Cell Proliferation And Viability Assays
Cells were seeded in 96-well plates at 1.5×10 3 cells per well and incubated for 24, 48, 72, 96, 120, or 148 hrs before pipetting MTS reagent (Promega, WI, USA). After incubating for 3 hrs at 37ºC in 5% CO 2 , the absorbance at 490 nm was read using a 96-well plate reader.
Colony Formation Assay
Cells were seeded with shaking into six-well plates at 400 cells per well. Colonies were stained with 0.2% crystal violet for 15 mins at 10 to 14 days, photographed, and counted after drying.
Drug Resistance Assay
Cells were seeded in 96-well plates (5 × 10 3 cells per well) and cultured under standard conditions for 48 hrs with 0, 1, 10, 100, 1000 μmol/L 5-fluoruracil (5-FU) or 0, 3.125, 6.25, 12.5, 25, or 50 μg/mL oxaliplatin for 48 hrs. The medium was then replaced with 100 μL fresh medium plus 20 μL MTS and the absorbance was read at 490 nm as described above. Cell viability was calculated as the percentage of surviving cells = (OD drug-treated − OD blank control )/(OD vector control − OD empty control ) ×100.
Transwell Migration And Invasion Assays
Cell migration and invasion were assays in 24-well plates with 0.4-μm pore size hanging inserts (Costar, Kennebunk, ME, USA) and 24-well Matrigel-coated invasion chambers (BD Biosciences, Bedford, USA). Cells (5 × 10 4 ) resuspended in serum-free medium were added to the upper chambers. Medium with 10% FBS was added to the lower chambers. The cells remaining in the upper chamber were removed after 30-hr culture, and the lower surface of membrane was fixed, stained with 0.2% crystal violet. The cells in five randomly selected fields from each membrane were counted with a Nikon D3-L3 system.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X (Sigma-Aldrich), blocked with 4% bovine serum albumen and incubated with primary antibody overnight at 4ºC before incubating with secondary antibody for 1 hr at room temperature. Cells were counterstained with anti-fade DAPI (Invitrogen) and observed by fluorescent confocal microscopy (DM-RXA2, Leica). Images were processed with a MetaMorph Imaging System (Universal Imaging Corp).
Co-Immunoprecipitation Assay
MKN28 cells transfected with plasmids were harvested with NP-40 lysis buffer (Wanlei Bio, Shenyang, China). An 80 µL volume of the supernatant was used as input, and the remaining was as IP. The samples were incubated with 5 µg anti-MTDH antibody (Abcam, Cambridge, MA, USA) and anti-IgG antibody (Cell Signaling Technology; Danvers, MA, USA) and then rotated for 4 hrs at 4ºC. After centrifugation, the beads were washed with lysis buffer and protein complex was eluted, resolved by SDS-PAGE and boiled. The entire supernatant was assayed by Western blot.
Statistical Analysis
Statistical analysis was performed with SPSS 17.0 (SPSS Inc., Chicago, IL, USA) and GraphPad 5.0 (https://www. graphpad.com). Differences in MTDH expression and clinicopathological characteristics were evaluated using Pearson's χ 2 test. Independent Student's t-tests and analysis of variance were used for analysis of enumeration data obtained in the in vitro assays. Statistical significance was defined as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
Results

MTDH Was Upregulated In Human GC Cells And Associated With Metastasis And Patient Prognosis
The expression of MTDH mRNA was upregulated in GC compared with the paired gastric mucosal tissues obtained from 12 patients during gastric resection surgery ( Figure 1A ).
Immunohistochemical staining of 92 postoperative specimens ( Figure 1B and C) found that MTDH expression was localized in the cytoplasm and cell membrane. Expression was higher in GC (51%) than that in mucosal tissues (15%, p < 0.001). As shown in Table 1 , MTDH overexpression was significantly correlated with T (p < 0.001), N (p = 0.001), and recurrence (p = 0.019). Western blot found that MTDH protein expressions ( Figure 1D ) were higher in MKN45, MGC803, and SGC7901 cells than those in MKN28 and AGS cells. Therefore, two cell lines with relatively high MTDH expressions (MKN45 and MGC803) or with relatively low expressions (MKN28 and AGS) were used for the subsequent investigation.
MTDH Enhanced GC Cell Proliferation And Clonogenicity
Western blot confirmed successful establishment of stable MTDH expressions in MKN28 and AGS cells ( Figure 1E ). The MTS showed that the proliferation rates were higher in MKN28 and AGS cells transfected with MTDH plasmids than those transfected with empty plasmids ( Figure 1H ). MTDH-transfected cells also formed more and bigger colonies than control cells ( Figure 1I ). MTDH expressions were successfully knocked down in MKN45 and MGC803 cells that were transiently transfected with three anti-MTDH SiRNAs ( Figure 1F and G). And downregulation of MTDH expressions was accompanied with decreasing colony formation activity and cell proliferation ( Figure 1H , J).
MTDH Regulated GC Cells Migration, Invasion, And Drug Resistance
Transwell migration and invasion assays were used to clarify association of MTDH expressions with the behavior of GC cells. Upregulation of MTDH expressions increased the numbers of MKN28 and AGS cells that passed through the transwell chamber membranes compared with control cells (Figure 2A ). Downregulation of MTDH in MKN45 and MGC803 cells decreased cell invasiveness compared with control groups (Figure 2A ). The numbers of fixed and stained cells passing through the membranes in migration assay were consistent with those observed in invasion assay ( Figure 2B ). Drug resistance leads to poor prognosis. The influence of MTDH expression on GC resistance was assayed after 48-hr exposure to increasing concentrations of 5-FU and oxaliplatin, both of which are widely used first-line drugs. The MTS assay indicated MTDH overexpression in MKN28 and AGS cells increased 5-FU and oxaliplatin resistance, but downregulation increased drug sensitivity in MKN45 and MGC803 cells ( Figure 2C and D) .
Expression Of MTDH In GC Induces EMT And Was Correlated With β-Catenin Nuclear Translocation
EMT is a key step in GC cell metastasis. The association of MTDH expressions and appearance of malignant phenotypes of GC cells was investigated by assaying the expressions of EMT markers with immunohistochemical (IHC) staining of GC patient tissue specimens. The expression of vimentin, which is a mesenchymal marker, was positively correlated with MTDH expressions ( Figure 3A) . The expressions of E-cadherin, an epithelial marker, were negatively correlated with MTDH expressions ( Figure 3B ). The results are consistent with promotion of EMT by overexpression of MTDH in GC.
Aberrant activation of the WNT/β-catenin pathway plays important roles in EMT and metastasis in cancer. 21 β-Catenin is degraded by the proteasome after ubiquitylation when acting as a target of GSK3β that maintains the phosphorylation state of β-catenin. Thereby, blocking the phosphorylation event allows β-catenin to accumulate. 22 In canonical Wnt/β-catenin pathway, activation of signaling follows nuclear translocation of β-catenin. MTDH overexpression was associated with ectopic β-catenin expression in the nucleus ( Figure 3C and Table 2 ). We further determined the protein expression levels of E-cadherin, vimentin, phosphorylated β-catenin, β-catenin, and LEF1 by Western blot in GC cell lines and showed that E-cadherin expression and phosphorylated β-catenin decreased, and vimentin expression increased in MTDH-overexpressed MKN28 and AGS cells and decreased when MTDH expression was knocked down ( Figure 3D ). β-Catenin protein expression was not significantly changed by knockdown of MTDH expression nor was that of LEF1, another Wnt/β-catenin signaling protein ( Figure 3D ). The translocation of β-catenin in GC cells was shown by immunofluorescence staining, which showed that overexpression of MTDH in MKN28 and AGS cells was accompanied by β-catenin expression in nucleus ( Figure 3E ), but downregulation led to the absence of β-catenin nuclear expression in MKN45 and MGC803 cells ( Figure 3F ). Overall, the results showed that MTDH mediated EMT and affected the subcellular translocation of β-catenin. Co-immunoprecipitation in MKN28 cells transfected with MTDH ( Figure 3G ) provided direct evidence of physical interaction between MTDH and β-catenin, meanwhile MTDH expression resulted in decrease of phosphorylated β-catenin that contributes to accumulate β-catenin ( Figure 3D) , which could account for the prevention of β-catenin degradation and facilitation of β-catenin translocation in cell nucleus.
MTDH Overexpression In GC Cells Was Associated With The Expressions Of CSC Markers
Wnt/β-catenin signaling may promote development and maintenance of CSCs. MTDH overexpression was positively correlated with expression of CD44, which is a CSC marker ( Figure 4A ). Immunofluorescent staining confirmed that MTDH overexpression or knockdown could increase or decrease CD44 expression, respectively ( Figure 4B and C) . Western blot showed that MTDH overexpression or downregulation could increase or decrease the expressions of CD44, CD133, and Oct4, respectively, which are CSC markers ( Figure 4D ). The results supported MTDH could lead to expansion of CSC population and be a participant in molecular mechanisms of metastasis and drug resistance in GC.
Discussion
MTDH is an oncogene known to be active in human malignancies. 7, 10, 23 This study investigated the roles of MTDH in promoting malignant GC phenotypes. The expressions of MTDH increased in GC tumor tissues, which was significantly correlated with multiple clinicopathological characteristics ( Table 1 ). MTDH expression is thus associated with tumorigenesis and predicts a worse prognosis in GC. It is reported that MTDH induced inflammation, promoted gastric tumorigenesis, and indicated a poor prognosis. 8 Moreover, MTDH induced GC metastasis with upregulation of eIF4E expression. 24 Our findings are in line with others and confirm the roles of MTDH in tumorigenesis and EMT, but an explanation of how prognosis is affected remains incomplete. Metastasis, recurrence, and drug resistance contribute to the progression of GC and are obstacles to successful treatment. MTDH overexpression significantly increased cell proliferation, colony formation, migration, invasiveness and enhanced drug resistance. Furthermore, MTDH downregulation inhibited aforementioned biological properties and increased drug sensitivity. The results found that MTDH was a key promotor of GC progression, which facilitated tumor metastasis and drug resistance.
EMT is a key step in the development of cancer metastasis that allows tumor cells to escape from the primary tissue to surrounding tissues. 25 EMT also involves the acquisition of invasive potential by primary cancer cells via loss of epithelial cell polarity to gain a mesenchymal cell phenotype. 26 EMT is accompanied by an increase in the expressions of mesenchymal markers like vimentin and loss of expressions of epithelial markers like E-cadherin. 27 MTDH is active during EMT in lung and breast cancer. 7, 28 In our study, overexpression of MTDH was correlated with decreased expression of E-cadherin and increased expression of vimentin. MTDH was thus associated with the expressions of EMT markers and metastasis.
Previous studies described the roles of MTDH in various signaling pathways, [12] [13] [14] [15] including the Wnt/β-catenin pathway, which has been associated with EMT. 29 In the canonical Wnt/β-catenin signaling pathway, activated β-catenin is translocated into the nucleus where it forms a transcriptional complex with LEF/TCF to induce transcription of downstream genes implicated in carcinogenesis. 15 And MTDH interacts with β-catenin to increase tumor cell migration and invasion in colorectal carcinoma. 30 In this study, MTDH overexpression was colocalized with β-catenin in the nucleus, decreased the phosphorylated β-catenin expression levels but not β-catenin, which indicated MTDH allowed or prevented β-catenin protein translocation from the cytoplasm into the nucleus. What is more, LEF1 expression corresponded with changes of MTDH expression. The results showed that MTDH was an activator to regulate the subcellular translocation of β-catenin, which may hint the roles of Wnt/β-catenin signaling pathway in the abovementioned process. Therefore, a further study of Wnt/β-catenin signaling pathway in this study is required in the future. Co-immunoprecipitation confirmed that MTDH directly interacted with β-catenin, consistent with the accumulation of β-catenin in cell nucleus by MTDH. Wnt/β-catenin signaling pathway was active in the maintenance of CSC phenotypes and their undifferentiated state. [31] [32] [33] They express surface proteins including CD44, CD133, and Oct4, which may serve as markers to identify gastric CSCs. 19, 34 It has been reported that MTDH overexpression in CD133 + glioma cells maintains stemness, differentiation, and drug resistance via Wnt/β-catenin signaling. 35 In this study, MTDH expression affected expression of at least one CSC marker. IHC of GC patient specimens found that MTDH and CD44 expressions were positively correlated. Importantly, the relationship of MTDH expression with that of CSCs has seldom been reported.
Conclusion
We conclude that MTDH overexpression is closely related to increased aggressiveness and predicted poor prognosis in GC. MTDH induces EMT and expressions of CSC characteristics and affects the subcellular translocation of β-catenin. The findings support future study of MTDH as a prognostic marker and therapeutic target of GC.
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